The tetrazolium salt method previously developed for the detection of xanthine oxidoreductase activity in unfixed cryostat sections has been d d a t e d for quantitative purposes. The specificity of the enzyme reaction was studied by incubating d i e d cryostat sections of rat liver in test medium containing the substrate hypoxanthine, in control medium that lacked the substrate, and in medium containing substrate and allopurinol, a specific inhibitor of xanthine oxidoreductase activity. The specific reaction rate was determined cytophotometrically by subtracting the amount of final reaction product generated in the control reaction from that formed in the test reaction. Highest specific enzyme activity in rat liver was found when the incubation medium contained 18% (wlv) polyvinyl alcohol, 100 mM phosphate buffer, pH 7.8, 0.45 mM 1-methoxyphenazine methosulfate, 5 mM tetranitro BT, and 0.5 mM hypoxanthine. En-zyme activity was present in liver parenchymal cells and in sinusoidal cells (endothelial and Kupfkr cells) and was completely inhibited by allopurinol. A linear relationship was observed between the specific amount of f i i reaction product generated at 37°C and incubation time at least up to 21 min, as well as section thickness up to 12 pm. Xanthine oxidoreductase activity, expressed as pmoles substrate converted per cm3 tissuelmin, was 1.61 * 0.34 in pericentral areas and 1.24 f 0.16 in periportal areas. These values are similar to biochemical data reported in the literature. In conclusion, the tetrazolium method to detect xanthine oxidoreductase activity in unfied cryostat sections of rat liver gives a reliable reflection of in situ activity. ( J Hisrochem  Cytochem 43723-726, 1995) 
Introduction
Xanthine oxidoreductase exists in two functionally distinct forms: an NAD+-dependent dehydrogenase (D-form; EC 1.1.1.204), which produces NADH and urate, and an oxygen-dependent oxidase form (0-form; EC 1.2.3.2). which produces oxygen radicals and/or H202 and urate. Conversion of xanthine dehydrogenase to xanthine oxidase may occur reversibly via oxidation of sulfydryl groups or irreversibly by proteolysis (3, 10, 15) . In 1991, Kooij et al. (11) described a histochemical method for detection of xanthine oxidoreductase activity. For this purpose, unfixed cryostat sections were used and an incubation medium containing the tissue protectant polyvinyl alcohol, the electron carrier 1-methoxyphenazine methosulfate, the final electron acceptor tetranitro BT, and hypoxanthine as substrate. It was concluded that both the dehydrogenase and the oxidase form of xanthine oxidoreductase were demonstrated. This conclusion was based on the fact that high activity was found in lactating bovine mammary gland, which contains the 0-form only, and in chicken liver, which contains the D-form only. Moreover, addition of 0 2 or NAD+ to the incubation medium did not change the specific reaction in these tissues, suggesting that 1-methoxyphenazine methosulfate in the tetrazolium salt reaction effectively replaces the natural electron acceptors NAD' or oxygen.
Recently, a method was developed for detection of the 0-form of the enzyme only (4-6). The reaction principle was based on capture of H202 by cerium ions, followed by a second incubation step performed in the presence of diaminobenzidine, cobalt ions, and H202. This method was proven to be valid for quantitative analysis.
Direct comparison of quantitative data of in situ activities of xanthine oxidase on the one hand and xanthine oxidoreductase on the other could be an important tool for study of the exact role of conversion of the D-form into the 0-form in vivo under pathophysiological conditions. Biochemical studies yielded conflicting results, which can be due either to possible conversion of the D-form into the 0-form during homogenization procedures or to the presence of reducing agents in homogenization media, which may induce artificial conversion of the 0-form into the D-form (lOJ3). Therefore, in the present study we have validated the tetrazolium salt method for detection of xanthine oxidoreductase activity in situ for quantitative purposes. 
Materials and Methods
Three male Wistar rats weighing 200-250 g were used. Animals were sacrificed under ether anesthesia between 0900 and 1000 hr to avoid 723 Table 1 . Effect of dz#eren/ incubation conditions on xanthine oxidoreduc/a.re activity in ritri in rat liver' ' Cytophotometric analysis of the amount of final reaction product generated in periccnrral areas of rat liver lobule< after incuhation of X-vm thick cryostat w t i o n 5 for the demonstration of xanthine oxidoreductase activity for 30 min at 3-"C. Values are cxpresced as mean integrated ahwrhance iit 11nm (XIIAtr-) t SD for the tect ( 1 . in the prerence of 0.1 mM hypoxanthine), control (c. in [he absence of substrate). and lesi minus control ( t -c ) reaction<. chronobiological variations. Livers were cut into pieces up to 0.5 cm' and frozen in liquid nitrogen in closed vials. Tissue blocks were stored ar -80'C until further use. Biochemical studies of Kooij et al. (13) . using homogenares ofrat liver, demonstrated thar freezing and/or storage at -80"Cofthe material did not affect xanthine oxidoreductase activity. Cryostar sections were cur at -2S"Con a motor-driven Bright cryostat fitted with a retraction microrome, at a consrant low speed to obtain sections ofconstant thickness (19) .
Demonsrrarion of xanthine oxidoreductase acrivitv was performed by incubating sections 8 pm rhick for 30 min at 37°C wirh medium conraining 18% (wlv) polyvinyl alcohol (PVA: average M, 70.000-100.000) (Sigma: St. Louis. MO) (21) . 0.1 M phosphate buffer. pH 8.0. 1 and 5 mM tetranitro BT (Serva: Heidelberg, Germany), 0.45 mM I-methvoxvphenazine merhosulfate (mPMS; Serva), and 0.5 mM hypoxanrhine (11) . Incubations were also performed in the presence of 10 mM sodium azide to block enzymes of the respiratory chain. Immediately after picking up sections on clean glass slides, a droplet of incubation medium was put onto the sections to avoid reduction of enzyme activity during storage or drying of the sections (7,ll) . After incubation, sections were washed in 0.1 hi phosphate buffer, pH 5.3, at 60'C to stop the reaction immediately and to rinse off the viscous medium. Sections were then washed in distilled water and mounted in glycerol jelly.
The specificity of the reaction was studied by incubating in the absence of hypoxanthine or in the presence of hypoxanthine and 1 mM allopurinol, a specific inhibitor of xanthine oxidoreductase (14).
The validity of the reaction was investigated by incubating sections 2-12 , , , , , thick for 20 min at 3 7 0~ and by incubating 8-pm thick sections for 3-21 min at 3 7~. Enzyme activity W~S analyzed cytophotometrically with a Vickers M 8Ja scanning and integrating cytophotometer. Integrated absorbance values were determined at 557 nm (1) in five periportal and five pericentral areas (randomly chosen) of each of two consecutive sections for each incubation. The readings were taken using a x 6.3 k i t z planachromatic objective (NA 0.20) and amask with a diameter of63 Pm, thusProviding an effective scanning area of 3119 pm2. The band width was set at 65 and a scanning spot with an effective diameter of 3.2 pm was used. The relative integrated absorbance readings, as recorded by the instrument, were tivity in pericentral md periportal areas ofa rat liver was expressed as pmoles substrate converted per cm3 tissue by conversion of MIA values by recourse to the molar absorbance codficient (K) of tetranitro BT-formatan (K = 19,000 liter mol-' cm-' at 557 nm) (19, 20) .
Student's t-test was employed for statistical analysis; differences were tested at the 0.05 level of significance. Regression analyses of the plots were performed when appropriate.
Results and Discussion
Incubation medium containing 5 mM tetranitro BT instead of 1 mM gave rise tO a 5oo/o higher specific xanthine oxidoreductase reaction (test minus control reaction) ( Table 1 ). Figure 1 shows the localization of final reaction product in sinusoidal cells (possibly endothelial and Kupffer cells) and liver parenchymal cells. Pericentral hepatocytes contained higher activity than periportal hepatocytes after incubation for xanthine oxidoreductase activity in the presence and absence of substrate. The amount of final reaction product in liver parenchymal cells increased at higher tetranitro BT concentrations. This can be understood by taking into account that competition for electrons between tetranitro BT and oxygen via the respiratory chain is much higher in hepatocytes than in sinusoidal cells (16, 18) . Van Noorden (16) suggested that both the oxygen are responsible for the need of relatively high tetrazolium salt COncentrationS to capture all electrons generated by glucose-6phosphate dehydrogenase activity in rat liver. This means that xanthine oxidoreductase activity can be detected validly in cells with a low activity of the respiratory chain using 1 mM tetranitro BT, whereas 5 mM tetranitro BT is necessary in cells with high activity of the respiratory chain. Usually, azide is added to incubation media containing tetrazolium salts to inhibit the respiratory chain, but Table 1 shows that azide inhibits xanthine oxidoreductase activity. Therefore, azide cannot be used in this assay. The specificity of the test minus control reaction was proven by the almost complete inhibition (95%) by allopurinol ( Table 1 ). Figure 2 shows that a linear relationship exists between the specific (test minus control) reaction of xanthine oxidoreductase at 37°C and the period of incubation for at least 21 min.
A linear relationship was also found for the specific xanthine oxidoreductase reaction and section thickness up to 12 pm ( Figure  3 ). The validity of the histochemical method to quantify xanthine oxidoreductase activity as described here allows comparison of enzyme activity in periportal and pericentral areas of liver lobules. Table 2 shows that xanthine oxidoreductase activity was about 30% higher in pericentral than in periportal areas. The relevance of these findings may be that the capacity of pericentral hepatocytes to generate uric acid, which is a potent antioxidant (2) , is higher than that of periportal hepatocytes. This difference in capacity is part of the metabolic heterogeneity of liver parenchyma in liver lobules (for reviews see 8.9) . The xanthine oxidoreductase activity as determined in rat liver with cytophotometry was largely in agreement with biochemical findings (12) . Xanthine oxidoreductase activity, as determined in liver homogenates, was 2.5 nmoles uric acid produced/ min/mg protein, whereas in the present study a mean activity of periportal and pericentral hepatocytes of 1.4 pmoles substrate converted/cm3 tissuelmin was measured. Assuming a content of 50% protein/g wet weight, this activity would be 2.8 nmoles uric acid producedlmg proteinlmin on the basis of the cytophotometric analysis.
The quantitative method described here enables direct comparison of xanthine oxidoreductase activities in livers under various (patho)physiological conditions.
